Genomic data can be a powerful tool for inferring ecology, behaviour and conservation needs of highly 14 elusive species, particularly when other sources of information are hard to come by. Here we focus on 15 the dryas monkey, an endangered primate endemic to the Congo Basin with cryptic behaviour and 16 possibly less than 250 remaining individuals. Using whole genome data we show that the dryas monkey 17 represents a sister lineage to the vervet monkeys and has diverged from them at least 1 million years 18 ago with additional bi-directional gene flow 590,000 -360,000 years ago. After bonobo-chimpanzee 19 admixture, this is the second reported case of gene flow that most likely involved crossing the Congo 20 River, a strong dispersal barrier. As the demographic history of bonobos and dryas monkey shows 21 similar patterns of population increase during this time period, we hypothesise that the fluvial topology 22 of the Congo River might have been more dynamic than previously recognised. As a result of dryas 23 monkey -vervet admixture, genes involved in resistance to the simian immunodeficiency virus (SIV) 24 have been exchanged, possibly indicating adaptive introgression. Despite the presence of several 25 homozygous loss-of-function mutations in genes associated with reduced sperm mobility and 26 immunity, we find high genetic diversity and low levels of inbreeding and genetic load in the studied 27 dryas monkey individual. This suggests that the current population carries sufficient genetic variability 28 for the long-term survival of this species. We thus provide an example of how genomic data can directly 29 improve our understanding of elusive species. 30
IntroductionM = 2.44 and S = 0.095, which corresponds to a divergence time of 9.98-13.2 Mya (95% CI) (Hedges et 161 al. 2015 ). The Bayesian model was run for an MCMC length of 500 million and we used Tracer 1.6 162 (Rambaut et al. 2014 ) to confirm run convergence and obtain probability distributions. The consensus 163 and locus-specific trees were plotted in DensiTree (Bouckaert 2010) . 164 165
2.7| Y-chromosome phylogeny 166
The mammalian Y chromosome sequence is enriched for repeats and palindromes, and thus accurate 167 assembly from short-read data is challenging (Tomaszkiewicz et al. 2017 ; Kuderna et al. 2019 ). We 168 therefore obtained partial Y-chromosome consensus sequences using the filtered SNP calls. First, we 169 identified all male individuals in our low-coverage dataset using the ratio of X-chromosome to 170 autosomal coverage ( Figure S2 ). Next, GATK FastaAlternateReferenceMaker was used to obtain a Y-171 chromosome consensus sequence for each male individual using the filtered variant calls as input. We 172 masked all sites for which at least one individual showed a heterozygous call, as these represent SNP-173 calling errors. Additionally, we masked all repetitive regions and all sites for which one or more female 174 individuals also showed a variant call, as these regions are likely enriched for SNP-errors due to 175 mismappings. A maximum-likelihood tree was then constructed in MEGAX (Kumar et al. 2018 
2.9| Identifying introgressed regions 206
To identify putatively introgressed regions in all vervet individuals, we performed a screen for such 207 segments following a strategy outlined in (Martin et al. 2015) . Briefly, in sliding windows of 10kb we 208 calculated Fd statistics (which is related to D-statistic but not subject to the same biases as D when 209 calculated in sliding windows, (Martin et al. 2015) ) using all sabaeus individuals from Gambia as 210 ingroup (H1) (as these showed the least amount of shared derived alleles with the dryas monkey) and 211
Dxydryas-X, and Dxysabaeus(Gambia)-X, where x refers to the focal individual. Next we calculated the average 212 ratio and standard deviation for Dxydryas-X / Dxysabaeus(Gambia)-X across all windows. As Dxy is a measure of 213 sequence divergence, introgressed windows between the dryas monkey and non-sabaeus vervets are 214 expected to have a relative low Dxydryas-X and relatively high Dxysabaeus(Gambia)-X. Windows showing an 215 excess of shared derived alleles with the dryas monkey (ZFd score > 2) and unusual low divergence 216 towards the dryas monkey (DxyDryas-X / Dxysabaeus(Gambia)-X) > (2·SD ± genome wide DxyDryas-X / 217 Dxysabaeus(Gambia)-X) were flagged as putatively introgressed. 218 219
2.10| Gene ontology enrichment of introgressed genes 220
Using the Chlorocebus sabaeus genome annotation (Warren et al. 2015) we obtained for each 221 individual all genes within putatively introgressed windows. A gene ontology enrichment was run for 222 all putatively introgressed genes fixed in all non-sabaeus individuals in Blast2GO using Fisher's exact 223 test (Gotz et al. 2008 ). Next, for all genes we obtained selection coefficient from Svardal et al. 2017, 224 which were calculated using a multilocus test of allele frequency differentiation (identifying regions in 225 the genome where the change in allele frequency at the locus occurred too quickly to be explained by 226 drift: XP-CLR selection scores) (Chen et al. 2010 ). Candidate genes for adaptive introgression were then 227 identified as those with high gene-selection scores and high frequency in the recipient population.
2.11| Heterozygosity and inbreeding 229
We measured genome-wide autosomal heterozygosity for all individuals with average genome 230 coverage > 3X using realSFS as implemented in ANGSD, considering only uniquely mapping reads (-231 uniqueOnly 1) and bases with quality score above 19 (-minQ 20) (Fumagalli et divided by the number of synonymous mutations (Fay et al. 2001 ). We excluded all missense mutations 248 within genes containing a loss-of-function mutation, as these are expected to behave effectively 249 neutral. Dividing by the number of synonymous mutations mitigates species-specific biases, such as 250 mapping bias due to the fact that the reference genome was derived from a sabaeus individual, 251 coverage differences, and mutation rate (Xue et al. 2015) . The Y-chromosome-based phylogeny shows the same topology and divergence time estimates as the 275 autosomal trees ( Figure 1C ) and the Principal Components Analysis further supports that the dryas 276 monkey is genetically distinct from all currently recognised vervets ( Figure S3 ). This stands in stark 277 contrast to the inferences based on the mitochondrial genomes, which show the dryas monkey (both 278 our dryas monkey sample and the dryas monkey type specimen) to be nested within the vervet genus 279
Chlorocebus (Guschanski et al. 2013 ) ( Figure 1D ). 280
The discrepancies in tree topologies derived from genomic regions with different inheritance modes 281 (autosomal, Y-chromosomal, and mitochondrial) and the known history of introgression among the 282 vervets (Svardal et al. 2017 ) suggest a possible role of gene flow in shaping the evolutionary history of 283 the dryas monkey. Therefore, we explored whether ancient admixture events can resolve the observed 284 phylogenetic discordance. We found that sabaeus individuals from Gambia share significantly fewer 285 derived alleles with the dryas monkey (D-statistic) than all other vervets ( Figure 2A) . As derived alleles 286
should be approximately equally frequent in all species under the scenario of incomplete lineagesorting without additional gene flow (Green et al. 2010) , such a pattern strongly suggest that alleles 288 were exchanged between the dryas monkey and the vervets after their separation from Chlorocebus 289 sabaeus (~590kya, Figure 1B) . Aethiops individuals share fewer derived alleles with the dryas monkey 290 than tantalus, hilgerti, cynosuros, and pygerythrus (Figure 2A ), suggesting that gene flow likely 291 occurred for an extended period of time, at least until after the separation of aethiops from the 292 common ancestor of the other vervets (~490kya, Figure 1B ). As tantalus, hilgerti, cynosuros and 293 pygerythrus vervets share a similar amount of derived alleles with the dryas monkey, gene flow most 294 likely ended before the speciation of this group (~360kya, Figure 1B) . The small observed differences 295 in the D-statistic between tantalus, hilgerti, cynosuros and pygerythrus (±14%, Figure 2A ) are likely the 296 result of drift and selection due to population sizes differences among these vervet species (Svardal et 297 al. 2017 ). The inferred history of gene flow is also concordant with the mitochondrial phylogeny and 298
suggests that the dryas monkey mitochondrial genome was introgressed from the common ancestor 299 of all non-sabaeus vervets ( Figure 1B and 1C) . Gene flow between the common ancestor of the non-300 sabaeus vervets and the dryas monkey is also supported by TreeMix and ADMIXTURE analyses, but we 301 note that these model-based estimates rely on accurate allele frequency estimates, which are absent 302 for the dryas monkey population, as it is represented by a single individual ( Figure S4) . 303
In contrast to the sabaeus individuals from Gambia, sabaeus vervets from Ghana also carry an excess 304 of shared derived alleles with the dryas monkey ( Figure 2A vervets, as we observe an overall higher proportion of low-frequency shared derived alleles in the 318 vervets ( Figure 2B ). This difference is particularly pronounced in aethiops, suggesting that the gene 319 flow was primarily from the dryas monkey into the vervets before aethiops separated from the 320 common ancestor of tantalus, hilgerti, cynosuros and pygerythrus. After this split, gene flow likely 321 became more bi-directional with increased introgression events into the dryas monkey, as evidencedby the presence of high frequency putatively introgressed alleles in tantalus, hilgerti, cynosuros and 323
pygerythrus. An alternative explanation is that the observed allele frequencies are driven by selection, 324 as introgressed alleles might be on average selected against (Juric et al. 2016) . It is also noteworthy 325 that the dryas monkey caries a vervet mitochondrial genome, which must have been introduced into 326 the population through female-mediated gene flow and eventually became fixed, replacing the 327 ancestral dryas monkey mitochondrial sequence. This is supported by the clustering of the type 328 specimen and study dryas monkey individual mitochondrial genomes ( Figure 1D ) and their placement 329 as sister to all non-sabaeus vervets. Therefore, while adaptive importance can be plausible for some of the introgressed loci, it does not 400 appear to be a strong driver for retaining particular gene classes, although adaptive function for some 401 introgressed genes in species-specific background cannot be excluded and would warrant dedicated 402 investigations. 403 404
3.3| Genomic view on conservation of the endangered dryas monkey 405
The dryas monkey is considered the only representative of the dryas species group (Grubb et al. 2003 ) 406
and is listed as endangered in the IUCN red list due to its small population size of ca. 250 individuals 407 (Hart et al. 2019 ). We therefore used demographic modelling and genome-wide measures of 408 heterozygosity and inbreeding to assess the long-and short-term population history of the dryas 409 monkey. Pairwise Sequential Markovian Coalescent (PSMC) analysis of the dryas monkey genome 410 revealed a dynamic evolutionary history, with a marked increase in effective population size starting 411 ca. 500,000 years ago, followed by continuous decline in the last ~200,000 years ( Figure 3A) . The date 412 of population size increase coincides with our estimated onset gene flow. To eliminate the possibility 413 that our PSMC inferences are driven by the increased heterozygosity due to gene flow, we removed 414 all putatively introgressed regions and repeated the PSMC analysis, which produced the same results 415 ( Figure 3A) . We therefore suggest that the population size increase in the dryas monkey and the 416 associated likely range expansion facilitated secondary contact between the dryas monkey and the 417 vervets. 418
As previously reported, low genomic coverage shifts the PSMC trajectory and makes inference less 419 reliable, particularly for more recent time periods ( Figure 3A, (Nadachowska-Brzyska et al. 2016) . 420 Therefore, to allow for demographic comparisons to the vervets, we re-ran the PSMC on the dryas 421 monkey genome down-sampled to similar coverage as the genomic data available for the vervets. This 422 analysis strongly suggest that 100,000 -300,000 years ago the dryas monkey population was the 423 largest among all vervets, possibly ranging in the tens of thousands of individuals ( Figure 3B) . 424
The genetic diversity of the dryas monkey (measured as between chromosome-pair differences), a 425 proxy for the adaptive potential of a population (Lande & Shannon 1996) , is high compared to that of 426 the much more abundant vervets ( Figure 4A ). The dryas monkey individual also shows no signs ofexcessive recent inbreeding, which would manifest itself in a high fraction of the genome contained in 428 long tracts of homozygosity (> 2.5Mb) ( Figure 4B ). To estimate genetic load, we identified all genes in 429 the dryas monkey genome containing one or more loss-of-function (LoF) mutations and identified all 430 missense mutations in genes other than those already containing LoF-mutation(s) (as such mutations 431 likely behave neutral). We find multiple genes in the dryas monkey containing a homozygous loss-of-432 function mutation associated with a disease phenotype in humans (n = 27), including SEPT12, 433 associated with reduced sperm mobility (Kuo et al. 2015) have on average unusual large genetic distance (Dxy) to sabaeus and unusual low genetic distance to the dryas monkey. Note that the vast majority of windows is at Fd ~ 0 (>90%). Dxy-sabaeus at windows with Fd = 0 (putative non-introgressed windows) is generally around 0.007 whereas Dxy-dryas at these windows ~0.012. This is in agreement with the obtained divergence time estimates (Figure 1B ) (e.g.
genetic distance of the non-sabaeus vervets to the dryas monkey is on average 1.75 -2.25 times larger than non-sabeus vervets to sabaeus). At high Fd, Dxy-dryas is around ½-⅓ that of Fd = 0, suggesting that these windows diverged on average half to one third as long ago as the other windows (thus ~500.000 to 330.000 years ago as the most likely time period of introgression, if we assume the divergence of the dryas monkey to the vervets to be ~1 million years ago, as indicated by our analyses). 
